state levels of transcription. Our results contradict both steric hindrance from a specialized compacted or semodels of transcriptional silencing and show instead that silencing acts primarily by reducing the probability that RNA polymerase II will occupy promoters.
Figure 1. Engineered Strains for Accessibility and Occupancy Assays (A) Two strains having differing engineered chromosome IIIs. A 450 bp DNA segment containing a binding site for LexA protein plus sites for restriction enzymes and Dam methylase is integrated into three euchromatic locations, designated (A), (B), and (C)
. A fourth such segment is linked to a selectable URA3 marker and is integrated at the naturally silenced locus HMR (in one yeast strain) or TELIIIL (in a second strain). E and I denote the silencers, HMR-E and HMR-I, respectively. (B) The URA3 gene at HMR and TELIIIL is functionally silenced but capable of being activatated. Strains are isogenic ura3⌬, with or without a URA3 gene inserted at euchromatic locus (C) or at a silenced locus (HMR or TELIIIL). Serial 10-fold dilutions of isogenic SIR2 or sir2⌬ strains were plated on YPD, SDϩFOA, and SD-URA plates. SIR2 strains with URA3 integrated at HMR or TELIIIL grow on SDϩFOA plates, demonstrating that the inserted gene is silenced, but also grow on SD-URA plates, demonstrating that the silenced gene can be activated. (C) URA3 mRNA levels in yeast cells grown in rich medium (YPD). mRNA levels were quantified by reverse transcription followed by real-time PCR. Bars, means Ϯ 1 (n ϭ 3). Figure 1A ). The fourth LexA Binds to Target Sites in Both Euchromatin cassette in each strain is linked to a URA3 gene and is and Heterochromatin integrated at a naturally silenced locus, either at the left Our strategy to test the steric hindrance model is to telomere (TELIIIL) or at HMR. The URA3 gene allows for quantify the accessibility of particular DNA target sites both positive and negative selection and serves as a to proteins that specifically bind to them. Foreign proreadout for the silencing state of the chromatin around teins are particularly useful neutral reporters of accessithis cassette. bility and occupancy because they are unlikely to make As expected, cells having a URA3 gene integrated at specific interactions with other yeast proteins, thus elimeither TELIIIL or HMR can grow on plates containing inating many alternative interpretations of the results.
Results

cassettes are integrated at diverse euchromatic loci (designated (A), (B), and (C) in
5-fluoro-orotic acid (FOA), implying that the genes in We utilize three different classes of foreign reporter prothese locations are silenced ( Figure 1B ), and this silencteins: a site-specific DNA binding protein (the LexA reing is abrogated by sir2 deletion. SIR-dependent silencpressor protein of Escherichia coli) expressed in vivo, ing reduces the steady state mRNA level by ‫-03ف‬fold many different restriction enzymes, used with isolated for the URA3-linked cassette integrated at TELIIIL, and nuclei, and the E. coli Dam DNA methyltransferase en-‫-02ف‬fold for the cassette at HMR ( Figure 1C ). zyme expressed in vivo. These latter two probes allow It is important for our experimental design that the for comparison with earlier studies, although our studies euchromatic loci, which are used as reference sites for extend the previous work by virtue of being quantitative accessibility, are in fact euchromatic, not silenced. Since and examining many endogenous loci. Finally, we supmost regions of the yeast genome are euchromatic, siplement these studies with direct measurement of occulencing of any of these loci would not be expected. pancy by an endogenous gene activator protein, Ppr1p.
Direct evidence that all three of these loci are functionWe discuss first the studies using LexA. We quantify ally euchromatic comes from the observed very low the ability of LexA to occupy identical specific target frequencies of URA3 cells that were able to grow on sites in multiple different active and silenced chromatin SDϩFOA plates ( Figure 1B and Figure 1A ). Three of these by an asterisk (Figures 2B and 2C ), implying that LexA binding, not the change of carbohydrate, causes the determined by quantitative chemifluorescence Western protection of that G. DMS footprinting using purified analysis ( Figure 3C) is reduced relative to occupancy at the euchromatic on sir2 deletion contradict the predictions of the steric hindrance model for silencing. locus ( Figure 3E) 
Chromosomal Locations
Our results using LexA protein differ significantly from sites in TELIIIL or HMR versus the euchromatic sites are roughly equal to the ratios of the occupancies themthe conclusions of earlier studies using restriction enzymes and the E. coli Dam methylase as probes selves. Thus, the affinity of LexA for a target site in TELIIIL is only slightly reduced, to ‫9.0ف‬ times the affinity (Gottschling, 1992; Loo and Rine, 1994). We therefore examined the accessibilities to restriction enzymes and for the euchromatic site, while the affinity for the target site in HMR is reduced ‫-2ف‬fold, to ‫5.0ف‬ times the affinity Dam methylase at target sites both within our LexA binding cassettes and at sites in other wild-type silenced for the euchromatic site.
Third, the relative occupancies in SIR2 versus sir2⌬ loci throughout the genome. We first compared the accessibility to the restriction cells are nearly identical ( Figure 3E ). This means that the modest reductions in affinity for LexA binding at the enzyme EcoRV, at a euchromatic locus and at a silenced locus, in isolated nuclei, using strains with the silenced silenced loci are not attributable to functional silencing.
The small reductions in affinity at silenced versus accassette either at TELIIIL or HMR, in both SIR2 and sir2⌬ cells (Figure 4) . The results resemble those obtained tive loci and the lack of a dependence of this reduction 37/DC1/). As an additional control, one of these experiments reproduced an experiment of Loo and Rine's Because the experiments using restriction enzyme are carried out in isolated nuclei, the failure of EcoRV to (1994) , studying the relative accessibility of HMRa2 and MATa2 to the restriction enzyme AvaII (Supplemental cleave some chromosomes could be due to some of the nuclei being aggregated and inaccessible to the Figure S1 on the Cell website). Consistent with their findings (which were only qualitative), the AvaII site at enzyme. However, essentially 100% of the nuclei are accessible to restriction enzyme ( Figure 4B ), ruling out (wild-type) HMR is less accessible than that at MATa, and this decreased accessibility at HMR depends on this interpretation. We conclude instead that, just as for LexA (Figure 3 ) and the Oct2-POU domain, many cells SIR2. However, here too the HMR locus is still accessible to AvaII in SIR2 cells, and sir2 deletion has at most a in the population have their euchromatic EcoRV binding sites in a chromatin environment or conformation that 2-fold effect on accessibility. We conclude that transcriptional silencing only slightly affects the accessibility offers significant resistance to cleavage by EcoRV. Also similar to the results with LexA, deletion of SIR2 enof silenced chromatin to restriction enzymes, at transgenic and endogenous loci. hanced the accessibilities to EcoRV at the euchromatic loci, not just at the silenced loci, and the enhancements We next investigated the accessibility of silenced and euchromatic sites to the E. coli Dam methylase in living of accessibility at the silenced loci were only slight. SIR2-dependent silencing affects relative accessibility cells (Gottschling, 1992 Figure 4D) .
These results agree with those obtained using LexA cassettes at HMR and TELIIIL ( Figure 1A ) and several additional endogenous telomeric sites were investi- (Figure 3 ), but they differ from the earlier analysis of silencing at HMR that used restriction enzymes as gated ( Figure 5 ). We included a euchromatic reference locus and made measurements of relative accessibility probes (Loo and Rine, 1994), raising the question as to which behavior is typical. We addressed this question in both SIR2 and sir2⌬ cells. At high [galactose] (0.2% or 2% w/v), the methylation reached ‫%001ف‬ at all sites by using additional restriction enzymes to probe sites both within the LexA cassettes and at other wild-type investigated. Under these conditions, the system is insensitive to small silencing-dependent differences in acsilenced loci, including several telomeres and HMR. Quantitative results from eight additional such expericessibility to the methylase. Therefore, we focus our analysis on the results from lower [galactose], 0.02% ments consistently revealed that accessibility at silenced loci is comparable to that in the euchromatic and 0% (Figures 5B and 5C ). Consistent with the earlier work of Gottschling (1992), in SIR2 strains, all of the stead that silencing only slightly affects the accessibility of DNA to these diverse protein probes. heterochromatic DNA sites, including HMR and all telomeres, show reduced accessibility relative to that at euchromatic location ( Figure 5C ). However, these reducTranscriptional Silencing Strongly Reduces Pol II Occupancy at Silenced URA3 Genes tions are quantitatively very modest, only ‫-2ف‬fold at most, for all loci examined. sir2 deletion increased the The downstream inhibition model of transcriptional silencing predicts that, at a silenced URA3 gene, occumethylation at all sites, suggesting a possible increase in accessibility to the methylase in sir2⌬ cells; however, pancy by Pol II at the promoter should be largely unaffected by silencing, but occupancy by Pol II near the 3Ј this increase in methylation was again only slight, and moreover, it occurred at the euchromatic locus as well end of the coding sequence should be strongly reduced. We tested these predictions using strains carrying a as at the silenced loci, suggesting that it is attributable to some phenomenon other than the relief of silencing URA3 gene integrated at TELIIIL or HMR, for which bioassays ( Figure 1B ) confirmed effective SIR2-depen-(e.g., to an increased level of expression of the Dam methylase itself in the sir2⌬ cells). Deletion of SIR2 only dent silencing. We used chromatin immunoprecipitation (ChIP) assays to quantify the relative occupancy by Pol slightly enhances the accessibility of heterochromatic DNA relative to the euchromatic locus, at both the trans-II both at the promoter and near the 3Ј end of the protein coding region in SIR2 and sir2⌬ cells for each location genic and endogenous silenced loci ( Figure 5C Figure 1C , except that here the cells were grown in medium lacking uracil. SIR2-dependent silencing strongly reduces the steady state URA3 mRNA levels but still provides enough URA3 activity to allow growth in SD-URA media. Bars, means Ϯ 1 (n ϭ 3).
nizes the carboxy-terminal domain (CTD) repeats on the 6B), with quantitative analysis by phosphorimager, yielded equivalent results. As a further check, we relargest subunit of Pol II, detected far less Pol II at both the promoter and the 3Ј coding region, on both silenced peated the experiments using a different Pol II antibody (H14, Covance) that recognizes only CTD repeats that genes, compared to the euchromatic gene. The reduction of Pol II occupancy on the promoters of the silenced are phosphorylated at serine 5. Again, as measured either by conventional PCR (Figure 6D ) or by real-time genes was strongly dependent on SIR2 ( Figure 6C) ; in sir2⌬ strains, Pol II occupancy at the HMR-URA3 and PCR ( Figure 6E ), Pol II occupancy-not just at the 3Ј end of the coding region but also at the promoter-was TELIIIL-URA3 promoters was elevated to a level similar to that of the euchromatic URA3 gene in SIR2 cells. strongly reduced at the silenced loci relative to the euchromatic location, and this reduction of Pol II occuConventional PCR analysis of the same samples ( Figure pancy was abrogated (Figure 7 ). DeleWe tested this hypothesis directly and determined the tion of SIR2 eliminates this reduction of Pol II occupancy relative significance of regulated access of an upstream at the HMRa promoter, restoring it to a level that is activator versus regulated occupancy by Pol II at URA3 greater than even the combined occupancies at HML␣/ transgenes that were silenced at TELIIIL and HMR or MAT␣ in SIR2 cells. Equivalent results are obtained at were integrated at euchromatic location (B) (Figure 1A) , the HML␣ promoter in a cells. These findings are consisby measuring the effects of silencing on occupancy by tent with our results for the silenced TELIIIL-URA3 and the endogenous gene activator protein for URA3, Ppr1p HMR-URA3 transgenes and directly contradict the ear- (Losson et al., 1985) . The silenced URA3 genes were lier results on HMR (Sekinger and Gross, 2001). We coninduced by growth of cells in media lacking uracil. We clude that transcriptional silencing strongly reduces Pol then used ChIP with an anti-myc antiserum to quantify II occupancy at some natural silenced promoters. the occupancy by Ppr1p-myc at the URA3 promoters located at TELIIIL and HMR, relative to occupancy at the euchromatic locus, in SIR2 and sir2⌬ cells (Figure Occupancies of TFIIB and TFIIE Are Also Dramatically Reduced at Silenced Promoters 6F). Consistent with our observations using the many foreign proteins as probes, SIR-dependent silencing To verify our findings on Pol II and to exclude certain alternative interpretations of the data, we carried out had only a modest effect, ‫-2ف‬fold at most, on Ppr1p occupancy at the silenced URA3 promoters at both additional studies to quantify the occupancy at naturally silenced promoters of factors that are recruited to the TELIIIL and HMR. In contrast to the minimal effects on occupancy by Ppr1p, silencing again strongly reduced preinitiation complex subsequent to or prior to Pol II: TFIIE and TFIIB, respectively (Bushnell et al., 2004; Woyoccupancy by Pol II at the promoter ( Figure 6G ) even though the genes were now functionally active, as judged chik and Hampsey, 2002). Since Pol II is absent from the silenced promoters, by the ability of the cells to grow. We conclude that the foreign proteins accurately report on the relevant acces-TFIIE should be absent as well. We myc-tagged the small subunit of TFIIE (Tfa2p) and used ChIP to quantify sibility of silenced regulatory loci to endogenous upstream activator proteins. Transcriptional silencing has its occupancy at the ␣ and a promoters in their naturally silenced state (at HML and HMR, respectively) and in at most small effects on occupancy and accessibility of any of these proteins, yet it strongly reduces the their naturally active state (at MAT, in ␣ and a mating type cells, respectively). As predicted, occupancy by occupancy of Pol II at promoters.
Quantification of URA3 mRNA levels in the same cells TFIIE was undetectably low at the naturally silenced ␣ and a promoters, yet robust occupancy was detected ( Figure 6H) shows that transcriptional silencing still represses the transcription of HMR-URA3 and TELIIIL-URA3 at the same promoters when located at the active MAT locus ( Figure 7C ). even under these inducing conditions, consistent with the substantial reduction in occupancy by Pol II. In both We asked whether Pol II was the earliest binding component of the preinitiation complex to be excluded from cases, the reduction in occupancy by Pol II caused by SIR2-dependent silencing is more than sufficient to acsilenced promoters or whether occupancy by TFIIB was also affected. ChIP of TFIIB-myc revealed that occucount for the entirety of the change in transcription levels. At least for the silenced URA3 gene at TELIIIL or pancy by TFIIB also was undetectably low at the naturally silenced ␣ and a promoters, yet robust occupancy HMR, no additional effects due to inhibition of transcriptional elongation downstream of Pol II recruitment need was detected at the same promoters when located at the active MAT locus ( Figure 7D ). This means that silencto be invoked. (Sekinger and Gross, 2001 ). This observation suggested a mechanism that is distinct from steric hindrance to that the downstream inhibition model applied to silencreduce the occupancy of TFIIB at the silenced proing of a broader class of genes than just heat shock moters.
transgenes. That study reported a Ͻ2-fold difference in Pol II occupancy at the HMRa1 promoter in sir4⌬ versus Discussion SIRϩ strains, far too small to explain the corresponding large dynamic range of transcript levels (Nasmyth et al., 1981) . In contrast, we find large (ϾϾ2-fold) increases in
Relation to Earlier Studies of the Steric Hindrance and Downstream Inhibition Models
Pol II occupancy using either the ␣-CTD or ␣-CTD-S5-P antibodies at both HMRa and HML␣ upon abrogation for Transcriptional Silencing Our results refute the steric hindrance model for tranof silencing by sir2 deletion. The reduction of Pol II occupancy that we measure is so great as to be essenscriptional silencing in yeast. Our results conflict with tially ‫0ف‬ occupancy at silenced promoters, thereby prehistones. Chromatin having deacetylated histones might exhibit enhanced affinity for proteins that directly comcluding an ability to precisely quantify the fold increase in occupancy when silencing is relieved by sir2 deletion. pete with TBP or the Pol II. A pleasing aspect of this latter model is that it is formally equivalent to the classic Possible explanations for the inability of the earlier study to detect such large effects are discussed in Supplemechanism of transcriptional repression by the bacteriophage lambda cI repressor protein (Ptashne, 2004) . mental Data on the Cell website.
Finally, one or more of the subunits of TBP or of the RNA polymerase holoenzyme may bind with high affinity Transcriptional Silencing Acts Downstream to properly acetylated histones but with only low affinity of Initial Gene Activator Protein Binding to unacetylated histones (which may, moreover, carry to Strongly Reduce RNA Polymerase II additional modifications such as lysine methylation to Occupancy at Promoters actively prevent binding). The assembly of SIR2-conThe major conclusion of our study is that transcriptional taining complexes at silenced chromatin regions would silencing has little effect on the binding of the upstreamthen reduce the occupancy by Pol II simply by lowering most gene regulatory factors (or of other neutral reportthe affinity of one or more of the protein cofactors ers of chromatin accessibility), yet it has a profound needed for assembly or stability of the preinitiation comeffect on the occupancy by TFIIB, Pol II, and TFIIE at plex. Our findings hint at such a link between the abthe promoters of silenced genes. We conclude that sisence of Pol II at silenced promoters and the deacetylalencing affects transcription at one or more steps betion of nearby histones, since TFIIB is recruited to a tween upstream factor binding and formation of a stable TBP-TATA box complex, and occupancy of TBP at the Pol II preinitiation complex at promoters. Our results on TATA box is linked to histone acetylation by other sub-TFIIB suggest that transcriptional silencing acts, at least units of TFIID (Matangkasombut and Buratowski, 2003) . in part, prior to the recruitment of Pol II. Indeed, the simplest interpretation of our findings is that Pol II is absent Other Implications of These Results from silenced promoters because TFIIB is absent.
We close by noting two other interesting implications Our results do not rule out the possibility of additional of our results. First, our results point to a new conclusion modes of transcriptional silencing that act subsequent regarding the molecular basis of the locus-specific acto assembly of the transcription preinitiation complex. tion of the HO endonuclease. HO endonuclease initiates However, at least for the case of the URA3 transgenes mating type switching in yeast by making a doublesilenced at TELIIIL and HMR, no such additional silencstranded DNA cut at a defined target sequence. Despite ing-dependent regulation needs to be invoked: the obhaving the identical target sequence present at HML, served silencing-dependent reduction of occupancy by HMR, and MAT, only the sequence at MAT is cleaved Pol II is more than sufficient to account for the observed in vivo (Strathern et al., 1982) . Earlier studies concluded silencing-dependent reduction in steady-state mRNA that steric hindrance at HML and HMR was responsible levels. At HML and HMR, the silencing-dependent refor the lack of HO activity at these loci (Loo and Rine, duction in Pol II occupancy is so great as to preclude 1994). Our results refute this conclusion. We suggest accurate quantitative comparison with the effects on instead that the recruitment or the enzymatic activity of mRNA levels, but here, too, no existing evidence de-HO is actively regulated by silencing, possibly in a manmands that additional levels of silencing-dependent regner analogous to the regulated recruitment or displaceulation be invoked. ment of TFIIB, Pol II, and TFIIE. Finally, our results suggest that there is nothing inherMolecular Mechanisms of Transcriptional Silencing ent to genes in silenced chromatin in yeast that would The reduced occupancy of Pol II at silenced promoters necessarily prevent their activation. Critical target sites could be caused either by a reduced rate of recruitment for positive activator proteins are not significantly less of Pol II to the promoter or by an increased rate of loss accessible in silenced chromatin than in euchromatin. of Pol II from the promoter. There are many nonexclusive Based on our findings, we predict that, in general, eumolecular mechanisms by which transcriptional silencchromatic genes or synthetic genes that are placed in ing may bring about such effects. Small effects on affinsilenced chromatin regions will prove to be capable of ity and occupancy of individual proteins, attributable activation, with the resulting expression levels reflecting to silencing, could accumulate cooperatively to greatly a dynamic competition between the effects of bound reduce the occupancy of a multiprotein complex, such gene activator proteins, favoring Pol II recruitment, and as the RNA polymerase holoenzyme. Sir2p may also the silencing apparatus, disfavoring Pol II recruitment. deacetylate not only histones, but also transcription facIncreased nuclear concentrations of gene-specific actitors, and deacetylation of a transcription factor may vators or (with synthetic genes) the use of activator tarreduce its activity. Sir proteins may also interact directly get sequences having enhanced protein binding affinity with components of the transcription machinery to block will shift the competition in the direction favoring inPol II assembly. Table  S1 on the Cell website.
from DNA could be actively recruited to deacetylated
